Nitric oxide (CNO or EDRF, endothelial-derived relaxing factor) plays several important biological roles, including smooth-muscle relaxation, regulation of neurotransmission, and inhibition of platelet aggregation. [1] The NO derivative of vitamin B 12 , known as nitrosylcobalamin (NOCbl), has recently attracted a lot of attention in the literature. Mammalian vitamin B 12 -dependent enzyme reactions, methylcobalamin-dependent methionine synthase, and adenosylcobalamin-dependent methylmalonyl-CoA mutase are inhibited by nitric oxide or nitric oxide donors [2] in vitro and in vivo. [3, 4] Importantly, it is postulated that the inhibition of these enzymes is a consequence of NOCbl formation. [5] Evidence supporting formation of an NO derivative of vitamin B 12 includes observations that hydroxocobalamin suppresses NO-induced relaxation of smooth muscle in rodents, [6] NO-induced vasodilation, [7] and NO-mediated inhibition of cell proliferation. [5] Vitamin B 12 can also reverse NO-induced neural tube defects. [8] Furthermore, it has been proposed that NOCbl has applications in the treatment of cancer and in wound healing. [9] NOCbl itself has been associated with considerable controversy in the literature, notwithstanding its existence, [10] and, more recently, whether or not aquacobalamin reacts directly with NO to form NOCbl (it is now generally accepted that this is not the case). [11, 12] Indeed, NOCbl was referred to as "elusive" in a recent comprehensive review of vitamin B 12 structures, [13] in which the absence of structural information on NOCbl was noted.
This situation has led to speculation on the geometry, bond lengths, and bond angles of NOCbl. [13, 14] The oxidation state of the Co center of NOCbl is also of considerable interest. [11, 12, [15] [16] [17] Herein, we report the synthesis and X-ray structural characterization of NOCbl, which was prepared by reacting hydroxycobalamin hydrochloride with the NO donor 2-(N,Ndiethylamino)diazenolate-2-oxide (DEA-NONOate) under strictly anaerobic, alkaline conditions (pH 8.9). Isolation of the bulk material by precipitation with acetone gave a bright orange product in 85 % yield that was approximately 97 % pure (see the Supporting Information). The UV/Vis and 1 H NMR spectra of the product redissolved in anaerobic buffer (pH 7.4; Figures S1 and S2 in the Supporting Information) are identical to reported spectra for NOCbl. To our knowledge, this is the first time that pure, well-characterized NOCbl has been isolated. Solid NOCbl is stable in air in the absence of moisture. A crystal of NOCbl (ca. 0.1 0.1 0.3 mm, obtained from aqueous acetone) was mounted under paraffin oil in a nylon loop in a glove box and flash frozen in liquid nitrogen. Diffraction experiments were carried out at the Stanford Synchrotron Radiation Laboratory.
NOCbl·15 H 2 O crystallizes in the orthorhombic space group P2 1 2 1 2 1 with one molecule per asymmetric unit. [18] A thermal ellipsoid plot is given in Figure 1 . The atom numbering is given in Scheme 1. The solvent structure in Figure 1 . Thermal ellipsoid plot (ellipsoids set at 30 % probability) of NOCbl·15 H 2 O; view of the entire cobalamin complex. The NO ligand is bound to the Co center through the N atom (CoÀN 1.927(6) ); O71A-O71C are the three positions of the disordered oxygen atom. For clarity, H atoms and water solvent molecules are not shown; Co green, N blue, O red, P pink, C white.
NOCbl·15 H 2 O has been modeled as 15 water molecules, all of which are involved in hydrogen-bonding interactions with either oxygen or nitrogen atoms on the cobalamin moiety. The cobalamin is in the "base-on" conformation, and the NO ligand is found in three different orientations, such that three positions for the oxygen atom are detected (O71A, O71B, and O71C). Rotational disorder is common for NO ligands. [19] The Co-N-O angle provides important information on the oxidation state of the Co center, since the Co-N-O group of low-spin nitroxyl Co III complexes is bent (ca. 1208) as a consequence of the lone pair on the N atom of nitroxyl (NO À ), [20] while Co-N-O is essentially linear for nitrosyl (CNO) complexes. [20] The Co-N-O angle in NOCbl·15 H 2 O ranges from 117.4-121.48 (Table 1) ; hence, NOCbl is best described as nitroxylcob-(III)alamin in both the solid and solution states. [12, 16] As expected, the NO ligand is bound to the cobalt center through a nitrogen atom, with a Co À NO bond length of 1.93 (Table 1 ). This bond length is similar to the CoÀNO 2 bond length found in the three reported structures of NO 2 Cbl (1.91-1.94 , Table 1 ) and is also consistent with CoÀNO n (n = 1, 2) bond lengths observed in nitroxyl and nitro complexes of cobalt porphyrin complexes (Table 1) . Evidence for the presence of a NO À group as opposed to the oxidized form NO 2 À comes from comparison of the N À O bond lengths of NOCbl with those of other structures. The NÀO bond lengths for the three orientations of NOCbl range from 1.14 to 1.20 and are entirely consistent with a NÀO double bond, as reported for the nitroxyl complexes of tetraphenylporphyrin (tpp), [21, 22] octylethylporphyrin (oep), [23] and two tropocoronand ligands (tc-3,3 and tc-4,4; Table 1 ). [24] Nitro ligands, on the other hand, typically show two distinct NÀO bond lengths (NÀO1 and NÀO2, Table 2 ). The nitroxyl anion is a moderate p acceptor in addition to being a strong s-donor 
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Chemie ligand [19] and therefore exhibits a stronger trans weakening influence than NO 2 À , which results in a longer Co À NB3 bond. Indeed, the Co À NB3 bond length is similar to that reported for the strong donor ligands SO 3 2À (CoÀNB3 2.13 ) and CH 3 (CoÀNB3 2.16 ). [13] Importantly, the UV/Vis spectrum of a sample of dried crystals redissolved in anaerobic buffer solution (pH 7.4) was identical to that of NOCbl. The final piece of evidence for NOCbl rather than NO 2 Cbl is more qualitative and relates to the observed color of the crystals. As noted above, the crystals and the solution from which they grew were bright orange. The crystal chosen for X-ray diffraction studies remained orange throughout data collection. Subsequently, the vial containing the remaining crystals was opened to the air, and the mother liquor surrounding the crystals immediately turned deep red-the color expected for NO 2 Cbl. The aerobic decomposition of NOCbl to NO 2 Cbl has been previously reported. [16, 17] The crystals in the vial slowly changed from orange to deep red over the course of several days.
Numerous crystal structures of cobalamins have been described, with the majority of structures crystallizing in the P2 1 2 1 2 1 space group; [13] NOCbl is no exception. NOCbl·15 H 2 O belongs to cluster type I, [13] with c/a and b/a ratios of 1.511 and 1.343, respectively. The cobalamin molecules are oriented such that the plane of the corrin ring is roughly parallel to the a b plane of the unit cell, with the axial base and the NO ligand extending out into solvent pockets. All potential hydrogen-bonding donors and acceptors are involved in at least one hydrogen bond, with the exception of O2P, the oxygen atom bridging the ribose and phosphate groups. There are significant intermolecular contacts in the crystal lattice, including six direct hydrogen bonds linking neighboring cobalamin molecules (O28 À N45', N29 À N52', N34 À O5P', N34 À O3P', N45 À N52', and O51 À N63'), with the other interactions involving water-mediated hydrogen bonds. Although the relatively high final R factor of 9.64 % is typical of cobalamin structures, it might be explained by the presence of disorder in the solvent structure and the relative lack of direct hydrogen-bonding contacts versus watermediated interactions.
The cobalt absorption spectra of cobalamin crystals can provide information on the degree of irradiation damage incurred on the crystal during X-ray diffraction data collection. The cobalt absorption spectrum for the NOCbl crystal used for X-ray diffraction data collection (irradiated NOCbl) and the spectrum for a fresh crystal (unirradiated NOCbl) between 7650 and 7850 eV are shown in Figure 2 . The overall shape of the spectra are similar to the spectra reported for other cobalamins. [28] The intensity and position of the absorption peak as calculated from the second derivative (not shown) is unchanged (7734.1 eV, f '' = 5.46 for the unirradiated sample and 7733.7 eV, f '' = 5.38 for the irradiated sample), and the overall shape of the XANES and lowenergy EXAFS regions are very similar (XANES = X-ray absorption near-edge structure, EXAFS = extended X-ray absorption fine structure). Therefore, there appear to be only minor differences following prolonged irradiation, and hence practically no evidence of radiation damage. This result is in contrast to the recently reported study on N-acetylcysteinylcobalamin (sodium salt, NACCbl), for which the spectrum of irradiated NACCbl showed a significant drop in peak intensity relative to unirradiated NACCbl, in addition to differences in some of the XANES and near-EXAFS features. [29] It is not clear why susceptibility to radiation damage should differ between cobalamin complexes. The inflection point, or threshold energy of the absorption edge, was calculated from the first derivative of the edge spectrum (7720.8 and 7720.6 eV for the unirradiated and irradiated NOCbl samples, respectively; see inset, Figure 2 ). Upon comparing these values to values obtained for other cobalamin complexes, it was concluded that the threshold energy is not a reliable indicator of the cobalt oxidation state (see the Supporting Information). A similar conclusion was recently reached for N-acetylcysteinylcobalamin. [29] To summarize, an efficient procedure to synthesize NOCbl is reported, and the X-ray structure of NOCbl has been determined. NOCbl is base-on, and the bent Co-N-O group suggests that NOCbl is best described as nitroxylcob-(III)alamin in the solid state. The Co À NB3 bond length is typical of that seen when there are strong b-axial ligands trans to the Co À DMB moiety (DMB = 5,6-dimethylbenzimidazole), and, as expected, is longer (by ca. 0.13 ) than that observed for NO 2 Cbl, since NO 2 À is a weaker donor ligand. XAS measurements show that minimal damage to the NOCbl Figure 2 . XAS spectrum of the NOCbl·15 H 2 O crystal before and after irradiation during data collection for X-ray structure analysis. The inset shows the first derivatives f ' of the edge spectra.
crystal occurs during X-ray data collection. Mechanistic studies are currently underway to elucidate the mechanism of formation of NOCbl from the reaction between hydroxycobalamin hydrochloride and DEA-NONOate. Our structural characterization of NOCbl, combined with the array of spectroscopic data obtained by others for NOCbl in solution, means that NOCbl can no longer be regarded as mysterious; the extreme air sensitivity of NOCbl in solution is undoubtedly responsible for some of the earlier confusion regarding the existence and the properties of this compound.
